Background: Prognostic nomograms for patients with extremity soft tissue sarcoma (eSTS) typically predict survival or the occurrence of local recurrence or distant metastasis at time of surgery. Our aim was to develop and externally validate a dynamic prognostic nomogram for overall survival in eSTS survivors for use during follow-up. Methods: All primary eSTS patients operated with curative intent between 1994 and 2013 at three European and one Canadian sarcoma centers formed the development cohort. Patients with F ed eration Française des Centres de Lutte Contre le Cancer (FNCLCC) grade II and grade III eSTS operated between 2000 and 2016 at seven other European reference centers formed the external validation cohort. We used a landmark analysis approach and a multivariable Cox model to create a dynamic nomogram; the prediction window was fixed at five years. A backward procedure based on the Akaike Information Criterion was adopted for variable selection. We tested the nomogram performance in terms of calibration and discrimination. Findings: The development and validation cohorts included 3740 and 893 patients, respectively. The variables selected applying the backward procedure were patient's age, tumor size and its interaction with landmark time, tumor FNCLCC grade and its interaction with landmark time, histology, and both local recurrence and distant metastasis (as first event) indicator variables. The nomogram showed good calibration and discrimination. Harrell C indexes at different landmark times were between 0.776 (0.761À0.790) and 0.845 (0.823À0.862) in the development series and between 0.675 (0.643À0.704) and 0.810 (0.775À0.844) in the validation series. Interpretation: A new dynamic nomogram is available to predict 5-year overall survival at different times during the first three years of follow-up in patients operated for primary eSTS. This nomogram allows physicians
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We searched PubMed for studies published before Nov 1, 2018 , that investigated the use of nomograms for predicting prognosis of patients with extremity soft tissue sarcoma. We used the search terms 'nomogram', 'prediction', 'sarcoma', and 'extremity'. Available prognostic nomograms for patients with extremity soft tissue sarcoma predicted survival or the occurrence of local recurrence or distant metastasis at time of surgery. After surgery, the individual risk of dying shows a non-linear evolution which is determined by the time elapsed from surgery, the event history (occurrence of local recurrence or distant metastasis vs. no events), and by the time-dependent effect of baseline covariates (tumor and patient characteristics). At the time of our search, there were no nomograms available for use during follow-up. The only available dynamic prognostic model was limited to patients with high-grade tumors, adopted a suboptimal histological classification and was not externally validated.
Added value of this study.
With this study, we created and externally validated a dynamic prognostic nomogram for overall survival to obtain a longitudinal prognostic estimation for patients with primary extremity soft tissue sarcoma. In particular, this nomogram allows individual prognosis prediction at baseline and at different time points up to three years after surgery. The main strengths of this nomogram are the use of easily definable covariates, which were all strongly associated with survival, and the successful external validation. This nomogram has been incorporated in the app 'Sarculator' for smartphones and tablets.
Implications of all the available evidence.
With this new nomogram, physicians are now able to inform patients of their residual risk during follow-up. Psychologically, this may help patients coping with the fear of cancer recurrence. The longitudinal risk estimation can also aid personalization of follow-up policies based on the individualized residual risk. Finally, with this instrument physicians are able to quantify the prognostic impact of local relapse and distant metastasis in a specific clinical scenario, helping decisionmaking in patients who recur.
Introduction
Extremity soft tissue sarcomas (eSTS) are characterized by a broad histological diversity which results in a substantial variation in clinical course [1] .
Prognosis estimation for primary eSTS patients has progressed in recent years with the creation of dedicated prognostic nomograms. With these tools, physicians are able to compute a personalized prognosis on the basis of baseline clinical variables such as patient's age, tumor size, grade and histology [2, 3] .
Prognostic nomograms for eSTS patients typically predict survival or the occurrence of an event, namely local recurrence (LR) or distant metastasis (DM), at time of primary treatment. These static predictions may aid the therapeutic decision making process, for example identifying patients at higher risk of death or disease recurrence who may benefit from a combination therapy [2,4À8] . However, during follow-up (FU) patient prognosis will change depending on the time elapsed from primary surgery, the event history (LR vs. DM vs. no events), and related to the possible time-dependent effect of covariates. As such, "static" nomograms do not provide accurate predictions if used at a particular time point during FU.
In the past few years there have been studies exploring survivalspecific prognostic information in patients with soft tissue and bone sarcoma showing that the effect of prognostic variables changes as patient's survival time increases and that, without events, the likelihood of surviving improves as time goes by after treatment [9À13].
Determining the patient's risk of death or tumor relapse at a certain time-point given a set of covariates and the event-history until that moment goes under the broad methodological framework of "dynamic prediction". One way to achieve dynamic predictions is to perform a landmark analysis [14] . This technique involves taking a 'snapshot' at a given time, with the creation of a "landmark dataset" including only the patients at risk at that time point. All the landmark datasets are stacked in a "super dataset" on which a single regression analysis (e.g., "Cox supermodel") can be performed. The first dynamic nomogram based on landmark analysis was developed for breast cancer patients in 2015 proving the feasibility of this approach [15] .
The aim of the present study was to develop and externally validate a dynamic prognostic nomogram to predict overall survival (OS) in primary eSTS survivors at different times during follow-up.
Methods

Study design
This is a retrospective analysis. All consecutive adult (>18 years) patients with primary (non-recurrent, non-metastatic) eSTS surgically treated at Fondazione IRCCS Istituto Nazionale dei Tumori (Milan, Italy), Institut Gustave Roussy (Villejuif, France), Mount Sinai Hospital (Toronto, Canada), and at the Royal Marsden Hospital (London, UK) from 1994 to 2013 were merged, forming the development cohort. On the Milan series, we developed two static nomograms for OS and DM in 2016 [2] . Patients with the same characteristics operated on between 2000 and 2016 at 7 other European referral centers comprised the validation cohort. The full list of participating centers is available in Supplementary material.
Extremity STS were defined as tumors arising between the shoulder girdle and the hand (upper extremity) and between the pelvic girdle (excluding endopelvic tumours) and the foot (lower extremity). Patients with well-differentiated liposarcoma, dermatofibrosarcoma protuberans, desmoid-type fibromatosis, Ewing sarcoma and alveolar or embryonal rhabdomyosarcoma were excluded.
Tumor margins were classified as microscopically positive (R1) or negative (R0). Patients who underwent macroscopically incomplete (R2) resections were excluded. The FNCLCC criteria (grades I, II, and III) were applied for tumor grading [16] .
Histologically, tumors were classified according to the WHO's criteria and patients were grouped into nine categories [1] .
Radiotherapy (RTx) and/or chemotherapy (CTx) were used according to multidisciplinary guidance or as part of clinical trials. The follow-up strategy consisted of clinical examination and imaging studies, every 4 months for the first 2 years, every 6 months until the fifth year and yearly thereafter.
Ethics
The study was approved by the Institutional Ethics Committee at Fondazione IRCCS Istituto Nazionale dei Tumori, Milan, Italy (Study Protocol: INT 98/15). This research did not require specific written consent of the patients.
Statistical analysis
The dynamic nomogram was developed using a landmark analysis approach and a multivariable Cox model [14] . A backward procedure based on the Akaike Information Criterion was adopted for variable selection [17] . Nomogram performance was tested in terms of calibration and discrimination. The analyses were performed with SAS (Cary, NC, USA) and R software [18] . Statistical methods are detailed in the Supplementary material.
Results
The multicenter series from which we extracted the development cohort totaled 3752 patients; 12 patients were excluded because survival time was missing, thus the development cohort included 3740 patients. The validation cohort consisted of 893 patients with grade II (12.8%) and grade III (87.2%) eSTS. Clinicopathological characteristics of the two cohorts are listed in Table 1 . The median follow-up was (interquartile [IQ] range) 79 months (44À119 months) for the development cohort and 71 months (43À108 months) for the validation cohort. In the development and validation cohorts, respectively, 1003 and 367 patients died, including 259 and 55 patients who died without evidence of LR or DM; 263 and 99 patients developed LR; 951 and 482 developed DM as first event; 60 and 180 developed Fig. 4 ).
Dynamic OS nomogram
In the multivariable Cox landmark OS supermodel, after application of the backward procedure the following variables were excluded from the covariates set: tumor's depth, surgical margin status, CTx administration, RTx administration. The final supermodel included age at surgery, tumor size and its interaction with T LM , grading and its interaction with T LM , histology, and both LR and DM indicator variables. All selected variables had a significant effect on OS (all Wald tests p<0.0001; Table 2 ). For both tumor size and tumor grade the hazard ratios (HRs) decreased at increasing T LM , indicating that the strong association with OS characterizing these variables at baseline became gradually weaker the longer that patients remained alive during follow-up.
The OS dynamic nomogram derived from the final model ( Fig. 1 ) allows the computation of the 5-year probability of being alive or, alternatively by its subtraction from 1, the 5-year probability of dying from any cause. Prognosis can be estimated at the time of the primary surgery or at 12, 24 or 36 months after the primary surgery. The prediction window is fixed at 5 years, meaning that, for example, a prediction computed 1 year after surgery provides the probability of being alive 6 years after surgery. For ease of computation the scores related to the variable 'tumor size' vary according to 'tumor grade' and T LM , but this does not imply a statistical interaction between tumor size and tumor grade, as the model only included interactions between tumor size by T LM , and grading by T LM . A digital version of this prediction model has been implemented in the version 2.0 of the app 'Sarculator' (www.sarculator.com). Here, prognosis can be estimated at every three-month interval from the time of the primary surgery up to three years of follow-up. Fig. 2 is an example of how the 5-year OS dynamic prediction varies during follow-up according to an individual patient's event history (data shown in Supplementary Table 1 and 2). After surgery, in the absence of events, the individual risk of dying decreases as time goes on. This is due to the fact that the population of patients alive and without events at time x after surgery will have more favorable characteristics (absence of LR and DM) as compared to the population which, at surgery, share the same set of baseline covariates. This is because in the landmark model patients who already developed LR and/or DM or who already died before time x will no longer be included in the risk set at time x. Fig. 3 and Supplementary Tables  3 and 4 reproduce the two examples of Fig. 2 but using a different tumor size.
Nomogram calibration and discriminative ability on development and validation cohorts
Calibration plots for internal and external calibration are shown in Fig. 4 . Calibration plots for development series patients operated before or after 2005 are shown in Supplementary Fig. 5 .
In the development series, the Harrell C index was (95% bootstrap confidence interval) 0.776 (0.761À0.790) for predictions calculated at time of primary surgery (T LM =0) and 0.837 (0.822À0.851), 0.845 (0.823À0.862) and 0.834 (0.811À0.859) for predictions calculated at 1 year, 2 years and 3 years after surgery, respectively. In the validation series, the Harrell C index was 0.675 (0.643À0.704) at T LM =0, 0.773 (0.740À0.801) at T LM =12 months, 0.810 (0.775À0.844) at T LM =24 months and 0.796 (0.751À0.834) at T LM =36 months.
Discussion
In this study, we developed and externally validated a dynamic prognostic nomogram to calculate the 5-year survival probability at different time points over the first three years of FU in patients operated with curative intent for a primary localized eSTS. With this new tool, the prognosis estimate can be computed at baseline (primary surgery) and at any time point up to 3 years after surgery. Also, the effect of the occurrence of LR or DM has been incorporated. Both in the development and validation series, this nomogram showed good discrimination and calibration as proof of its generalizability.
Three clinical needs prompted the development of this new nomogram.
First, during FU patients often desire an estimate of their residual survival. In a recent review of advocacy priorities within the sarcoma community, the issue of survivorship with uncertainties was emphasized [19] . Without dynamic models, to update prognosis during FU . The prediction window is fixed at 5 years. Importantly, the choice of the proper size axis depends upon tumor grade and time at which the prediction is computed. For example, (i) to predict at time 0 (surgery) the 5-year OS of a 60 year-old patient with a 5 cm G3 MPNST, the user should locate patient's tumor size on the axis 'Size cm (T = =0 mo, GIII)' and draw a line straight upward to the "Points" axis to determine the score associated with that size and grade (55 points). Then repeat the process for patient's age at surgery (60 years = 6 points), histologic subtype (10 points), and sum the scores achieved for each covariate (sum=71 points). Locate this sum on the "Total Points" axis. Draw a line straight down to the "5-year survival probability, baseline" axis to find the predicted probability (about 78%). (ii) to predict 5-year OS of a patient with the same clinical characteristics as above but who had been operated two years before and has not had any events during the first two years of follow-up, the user should locate patient's tumor size on the axis 'Size cm (T = =24 mo, GIII)' and draw a line straight upward to the "Points" axis to determine the score associated with that size and grade (24 points). Then repeat the process for patient's age at surgery (60 years = 6 points), histologic subtype (10 points physicians could only rely on baseline predictions and then attempt to adapt them in light of the survival curves in the specific scenario, with potentially inaccurate results. For cancer patients, a very wellknown psychological adverse effect of the natural history of their disease is the so called Damocle's syndrome [20À22] . This implies that the cancer patient lives fearing relapse and cancer-related death, in spite of the fact that it will not occur in an increasingly higher proportion of patients. This certainly contributes to make the notion of cure in oncology so problematic. It is true that the residual risk of dying of disease is not nil even after many years, but also that late relapses are rare, though with marked differences from cancer to cancer [23] . Actually, patient prognosis improve with time, at a non-steady speed. Psychologically, therefore, it may be very important for the cancer patient to be updated about the evolution with time of his/her risk profile. He/she might be surprised realizing which is the residual risk.
Updating the patient on a contact-by-contact basis may strengthen the information process about risks and may overcome misunderstandings related to dichotomous information (by which, say, before 5 years the risk would be high, and beyond it would be nil). This nomogram may improve patient information during follow-up in the STS field, and serve as a model in oncology. The second need is personalizing follow-up policies. The need of improving and personalizing FU strategies was identified as a priority by advocacy groups [19] . This nomogram will allow patients to improve their risk perception during follow-up. This awareness, will lay the foundation for a shared decision making and physicians will be able to actively engage patients into choosing a follow-up strategy that could best suit their individual preferences and values on the basis of a personalized dynamic risk estimation. A shared decision making is particularly important in a scenario like this where there is no right or wrong path (i.e. intensive vs. non-intensive follow-up) and a diagnostic test can trigger patient anxiety as well as a number of other investigations [24] . Of course, there is an issue of efficacy about follow-up. By and large, we lack formal demonstrations of efficacy of follow-up as such. Indeed, several randomized trials in some common cancers were negative [25, 26] . It is difficult to foresee pragmatic trials on the efficacy of follow-up in STS. Clearly, follow-up policies might be modeled. It is somewhat arbitrary to model such policies in the lack of data about the added value of an earlier diagnosis. However, if the predicted prognosis were very different at different intervals, at least there could be a rationale in narrowing followup windows, and vice versa. Thus, an instrument such as this nomogram might help personalize follow-up policies in STS patients, even in the lack of strong data about efficacy.
The third need is to personalize the approach to patients who develop LR/DM. Treatment decisions at relapse are often challenging. Our nomogram allows quantifying the negative prognostic implication of an oncological event in a single patient and this may aid in the decision-making process in the recurrent/metastatic setting as well as it may improve patient stratification in clinical trials in the metastatic setting.
In our new nomogram, the prediction window is fixed at 5 years while the time-point at which the prediction can be computed can vary from baseline to up to three years after surgery. Over the first three years of follow-up the risk of death among eSTS patients is substantially higher than after that time point when the risk drops significantly. This is related to the tendency of the DM curves to plateau after three years in the most common histological subtypes among eSTS [27, 28] . Our nomogram covers the period of time during which updating the survival prediction is needed the most.
With the backward statistical approach, tumor depth, surgical margin status, CTx and RTx administration were excluded from the nomogram covariate set, as well as their interactions with T LM . This is consistent with the findings in our two previous static nomograms for OS and DM and it is not surprising since tumor depth and margin status have been shown to have limited influence on survival in other studies while RTx administration was not associated with an improved survival in randomized controlled trials [2,29À31] . With regard to CTx, it is unlikely to be able to identify a possible effect on OS in such a diverse population which included both high risk and low risk patients. A propensity score-matched analysis recently performed on the development cohort showed a non-significant 5% survival benefit associated with CTx administration [32] .
In our nomogram, the prediction is derived from the following covariates: patient age at surgery, tumor size, tumor grade, histology, occurrence of LR and occurrence of DM. Patient's age and histology are static covariates whose value and HRs do not vary with time (their interactions with T LM was not retained in the model). In this nomogram we adopted the 4th Edition (2013) of the WHO histological classification to categorize patients into 9 groups. Both the granularity of the histological classification and the modeling of patient age as continuous variable are added values of this nomogram [33] . Analysis of the impact of both tumor size and grade showed that the more time that elapsed from surgery, the weaker became their association with survival ( Table 2) . This is consistent with other studies, in particular with what was observed by Parsons et al. in a population-based conditional survival analysis of more than 6000 primary eSTS patients treated with surgery in which the HR related to tumor size and grade decreased with increased time from diagnosis [10, 34] . Finally, LR and DM are dynamic covariates, whose value (yes vs. no) may vary with time; however, their timedependent effect was weak and their interaction with T LM was not selected in the final model. The occurrence of DM is the stronger risk factor for OS with an HR of 10.34 while the HR related to the occurrence of LR is 5.63. This is likely due to the fact that in eSTS an isolated LR is unlikely to directly cause a patient's death, if we exclude the very proximal locations that may recur within the pelvis/chest. Interestingly, as noted in Figs. 2 and 3 , in patients with higher risk tumors the negative prognostic impact of LR and/or DM is more pronounced.
One strength of this study is the robustness of the prediction model. By merging more than 3700 eSTS patients in a unique development cohort, we were able to capture the time-dependent effect of tumor size and grade. The long median FU of the development cohort allowed us to stretch the predictions out to 5 years, which means that a prediction computed 3 years after surgery allows estimating the probability of being alive 8 years after surgery. Of note, there was a good agreement between observed and nomogram predicted OS when splitting the development series in the two subsets of patients operated in the Nineties and more recently (calibration plots in Supplementary Fig. 5 ). This makes us confident in extending nomogram use to future patients treated according to the more recent policies. At external validation, although calibration for a limited subgroup of patients was not as accurate as with the internal cohort, this model still showed good discrimination with Harrell C indexes of 0.675, 0.773, 0.810 and 0.796 at the four analysed timepoints (baseline, 12, 24, 36 months). These results compare favorably with the internal validation of a dynamic prognostic nomogram predicting 5-year OS after the start of adjuvant endocrine therapy in postmenopausal, endocrine-sensitive early breast cancer patients [15] . This is true especially bearing in mind that our nomogram was validated on an independent external cohort and that the development and validation cohorts were intrinsically different in terms of baseline characteristics and outcomes ( Table 1 , Supplementary Fig. 1 ). Nonetheless, we cannot infer that this nomogram is universally applicable. The external validation has been successful on a series of patients operated among reference centers that share the same treatment guidelines and in countries with similar life expectancy. The validity of this nomogram on more diverse populations, in low-volume centers or among centers that use different treatment guidelines should be tested to further strengthen the adoption of this instrument into clinical practice.
Compared to previous studies [13] , our nomogram adds significant insights since it is built on a larger cohort, is valid for patients with grade I eSTS as well as higher grade tumors, adopts a more updated and granular histological classification and included an external validation. Moreover, we were able to select easily definable covariates which were all strongly associated with survival.
This study has limitations. First, the low number of patients experiencing concurrent LR and DM (n = =60) did not allow us to separate the OS probability estimation for this subgroup of patients and they were considered as metastatic. Second, since the nomogram model was based on the first occurrence of LR or DM, it is not able to factor in the effect of a second LR or DM on survival. In particular, the post-event survival curves reflect the outcome of both patients who will experience second events as well as those who do not. In general, this nomogram should not be used if a patient experiences other events after the first LR and/or the first DM. Finally, since the external validation was performed in a population of only grade II and III eSTS, we cannot infer whether this model is generalizable to patients with grade I tumors operated outside the centers included in the development cohort.
In conclusion, this new prognostic tool fulfills a need of the oncologist dealing with eSTS patients: being able to objectively counsel patients regarding their personalized residual risk during FU. Patients might be comforted from an improvement in prognosis as the time goes by without events and the update of the prognostic estimate may also support patients' planning for the future. Moreover, the dynamic prediction informs the physician of how a postoperative event will impact on an individual patient's prognosis quantitatively. Finally, this study paves the way for future FU personalization with possible creation of risk-adapted FU strategies. This new nomogram has also been incorporated in the app 'Sarculator' for smartphones and tablets, which is available for free download [35] .
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